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We propose that skin barrier morphogenesis may
take place via a continuous and highly dynamic pro-
cess of intersection-free membrane unfolding with a
concomitant crystallization of the emerging multi-
lamellar lipid structure representing the developing
skin barrier. This implies that the trans-Golgi net-
work and lamellar bodies of the uppermost stratum
granulosum cells as well as the multilamellar lipid
matrix of the intercellular space at the border zone
between stratum granulosum and stratum corneum
could be representations of one and the same con-
tinuous membrane structure. The profound differ-
ence between the earlier Landmann model and the
membrane folding model presented here is that the
Landmann model includes changes in membrane
topology, whereas topology is kept constant during
skin barrier formation according to the membrane
folding model. The main advantages of the mem-
brane folding model with respect to the Landmann
model are the following: (i) smaller energy cost
(involves no budding or fusion); (ii) conserves mem-
brane continuity (preserves water compartmentaliza-
tion and allows control hereof; membrane continuity
essential for barrier function); (iii) allows meticulous
control (the thermodynamics of the unfolding pro-
cedure are related to curvature energy); (iv) faster
(milliseconds, as membrane unfolding basically
represents a phase transition from cubic-like to
lamellar morphology; involves no budding or
fusion); (v) membrane folding between lamellar and
cubic-like morphologies has been identi®ed in
numerous biologic systems; (vi) there is experimental
evidence for an ``extensive intracellular tubulo-reti-
cular cisternal membrane system within the apical
cytosol of the outermost stratum granulosum''; and
(vii) may explain the reported plethora of forms,
numbers, sizes and general appearances of ``lamellar
bodies'' in transmission electron microscopy micro-
graphs. Keywords: lamellar bodies/lamellar granules/
lipid/fusion. J Invest Dermatol 117:823±829, 2001
T
he objective of this study was to present a new model
for the formation of the mammalian skin barrier.
Given the possibility of barrier malformation in skin
diseases displaying impaired barrier function, a new
model for skin barrier formation may aid to give new
insights into the origins of, for example, atopic dermatitis. It may
likewise suggest new targets for transdermal drug delivery and
barrier restorative manipulations.
In 1986 Landmann presented a model for the formation of the
mammalian skin barrier, i.e., the multilamellar lipid matrix of the
stratum corneum intercellular space (Landmann, 1986). The basic
features of the Landmann model (in chronologic order) are:
1 Formation of vesicles termed ``lamellar bodies'' via membrane
®ssion, or budding, from the trans-Golgi network of epidermal
keratinocytes (Fig 1a) (Elias et al, 1998). [Synonyms: lamellar
granules, membrane coating granules, Odland bodies (Brody, 1966;
Matoltsy, 1966; Lavker, 1976; Odland and Holbrook, 1981;
Landmann, 1986; Brody, 1989; Fartasch, 1997; Elias et al, 1998;
Madison et al, 1998).] The ``lamellar bodies'' are visualized as being
discrete unilamellar vesicles containing in their turn multiple
stacked ¯attened unilamellar vesicles, termed ``lamellar body-disks''
(Fig 1b).
2 Targeted diffusion of ``lamellar bodies'' in the cytosol of the
stratum granulosum cells from the trans-Golgi network to the
stratum granulosum/stratum corneum interface (Fig 1a).
3 Fusion of ``lamellar bodies'' with each other and with the plasma
membrane of the stratum granulosum cells at the stratum
granulosum/stratum corneum interface (Fig 1a) (Elias et al, 1998).
4 Fusion of ``lamellar body disks'' into continuous multilamellar
membrane sheets in the intercellular space at the stratum
granulosum/stratum corneum interface (Fig 1a, c).
There still remain some unresolved questions with the
Landmann model, however, which may be summarized in the
following way: Why would nature disrupt a continuous membrane
structure (the trans-Golgi network) in order to form another
continuous membrane structure (the intercellular lipid matrix of the
stratum corneum), especially as this would: (i) cost energy (initially
budding and then three consecutive fusion processes); (ii) imply
decreased control (due to the change of membrane topology) over
the barrier formation process (including water compartmentaliza-
tion and control hereof); and (iii) be time consuming (budding,
diffusion, and then fusion)?
Below, an alternative model for skin barrier morphogenesis
based on the concept of intersection-free (i.e., ignore fusion)
membrane folding (Landh, 1995), is presented.
THE MEMBRANE FOLDING MODEL
Basic idea Homeostasis, i.e., the maintenance of a semistatic
physiologic condition (usually not an equilibrium condition but a
feature of a secondary, or higher, minimum energy order), is a
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highly dynamic series of events, including that of membrane
morphogenesis (Hazel and Williams, 1990; Landh, 1996, pp167±
171). As membrane continuity is mandatory for barrier capacity in
biologic systems (e.g., cell integrity, skin barrier function) surface
continuity should be preserved, and occurrence of fusion processes
minimized, during membrane formation (Landh, 1995; Hyde et al,
1997, pp317±321). One way of achieving this is by intersection-
free membrane folding (cf. Landh, 1995). It is therefore natural to
explore the possibility that skin barrier morphogenesis may depend
on such a mechanism.
Fusiogenic processes (e.g., membrane fusion, exocytosis, or
endocytosis) require extensive morphologic changes, at least locally
and transiently, to highly curved surfaces (which imply high
bending energy (cf. Helfrisch, 1973; Fogden et al, 1991; Funari and
Rapp, 1999). Further, fusiogenic processes can be questioned
generally, as the lipids claimed to be most fusiogenic (e.g.,
lysolecithin, monoolein) do not promote the ¯at bilayer organiz-
ation, but are characterized by an intrinsic high curvature (Landh,
1996, p17). [Suggestions that the self-assembled geometries favored
by these fusiogenic lipids (i.e., micelles and inverted micellar
morphologies, respectively) mirror intermediate structures of
membrane fusion have been disposed of (Siegel, 1993). Instead,
stalks have been identi®ed as the lowest energy membrane
intermediates in fusion as they combine the qualities of minimum
size and compound curvature (Markin et al, 1984). A remaining
dilemma, however, is in that the calculated stalk energies are still
comparatively high (Siegel, 1999).]
The Landmann model for skin barrier formation (Landmann,
1986) involves four fusiogenic processes: one budding and three
fusion processes. Another troubling feature with this model is the
local high curvature of the ``lamellar body-disk'' edges (Fig 1b, c).
This not only supposes the presence of lipids with liquid-like
hydrocarbon chains (i.e., short and/or unsaturated), but also
curvature-induced segregation of these liquid crystal forming lipids
(Seifert, 1993; Lipowski, 1995), and consequently two-dimensional
phase separation, within the ``lamellar body disks'' (Fig 1b, c).
Other possibilities remain, however, such as lipid±protein inter-
actions at the ``lamellar body-disk'' edges.
In fact, the whole process of skin barrier formation could,
theoretically, be performed without energetically unfavorable
processes, such as membrane ®ssion (i.e., budding) and membrane
fusion, without two-dimensional phase separation and without
vesicular diffusion (i.e., slow transport, hours) of lipid components,
through intersection-free membrane folding/unfolding (Fig 2).
It is therefore proposed that skin barrier morphogenesis may take
place via a continuous, highly dynamic process of ``intersection-
free unfolding'' [i.e., a continuous deformation of a single and
coherent three-dimensional (hyperbolic) lipid structure with sym-
metry into a ¯at two-dimensional (parabolic) lipid structure] with a
concomitant crystallization of the developing stacked multilamellar
lipid structure representing the skin barrier (Figs 3 and 4). [Note:
Three-dimensional, i.e., membrane constellation centered around a
surface with negative average Gaussian curvature, or equivalently
with genus higher than 1 (i.e., containing two or more handles or
holes). Two-dimensional, i.e., membrane constellation centered
around a surface with zero average Gaussian curvature, or
equivalently with genus 1 (i.e., containing one handle or hole).]
In fact, continuous, dynamic foldings/unfoldings between cubic
(three-dimensional hyperbolic) and lamellar (two-dimensionally
Euclidian) structures are present in other biologic systems, such as
the endoplasmic reticulum of metazoan cells (Oparka and Johnson,
1978; Pathak et al, 1986; Landh, 1996, p94), and the thylacoid
membrane of plant chloroplasts (von Wettstein, 1959; Gunning,
1965; Deng and Landh, 1995; Landh, 1996, pp140±141) (Figs 5
and 6). [Note: The cubic membranes may represent three periodic
minimal surfaces (IPMS) (Larsson, 1994, pp50±55). The close
geometrical resemblance between lamellar (La) and bicontinuous
cubic (V1, V2) lipid morphologies is further emphasized by the low
enthalpy difference between these two phases (approximately
0.5 kJ per mol lipid) (EngstroÈm et al, 1992) as compared with the
enthalpy difference between the lamellar and reversed hexagonal
(HII) phases (approximately 5±10 kJ per mol lipid) (Seddon et al,
1983). Also, geometric analysis indicates that hyperbolic (i.e., saddle
curved) lipid membrane structures (e.g., cubic) are most likely to be
found in lipid systems that form lamellar phases readily (Hyde et al,
1997, p169).]
Coherence between three-dimensional (e.g., cubic-like) and
two-dimensional (i.e., lamellar) membrane morphologies does not
imply local high bending energy as the proposed folded continuous
three-dimensional structure with symmetry is likely to express
oscillating periodicity (cf. Helfrisch, 1989; Larsson, 1997;
Andersson et al, 1999, pp177±190). This is not possible for a ¯at
two-dimensional entity such as a ``lamellar body disk''. Thus,
during unfolding, the local ``edge-curvature'' between folded
cubic-like and lamellar regions of the proposed continuous three-
dimensional structure with symmetry could be visualized as being
part of a standing wave motion (Larsson, 1997; cf. Fig 4b, c).
Accordingly, phase separation of lipids is not implied (cf. outer
lamellar membranes of cubosomes) (Larsson, 1997; personal
communication, Professor KaÊre Larsson).
The proposed single and coherent three-dimensional lipid
structure with symmetry expressing this intersection-free folding/
unfolding may have a cubic lattice (cf. Luzatti et al, 1968; Larsson
et al, 1980; Larsson, 1989), or a rhombohedral arrangement as,
in vitro, such intermediate phases are stabilized by increased
hydrocarbon chain length and degree of saturation (cf.
Henriksson et al, 1992; Burgoyne et al, 1995; Funari and Rapp,
1999). Stratum corneum lipid composition is characterized by the
domination of lipids with saturated, very long hydrocarbon chains
(Wertz et al, 1987; NorleÂn et al, 1998; NorleÂn et al, 1999), which to
some degree may mirror the lipid hydrocarbon chain distributions
of stratum granulosum. Note: Cubic membranes representing cubic
three-periodic minimal surfaces of genus 3 (G-, D-, and P-surfaces)
can be formed with the least energy cost as they are the most
homogeneous (cf. Hyde et al, 1997, p151); however, rhombohedral
distortions of the D- and P-surfaces can occur at only slightly
higher bending energy costs (Hyde et al, 1997; p159).
Figure 1. The Landmann model. Transformation of ``lamellar body-
disks'' into intercellular sheets by a membrane-fusion process (c),
according to Landmann (1986). The lamellar body-disks are visualized as
¯attened unilamellar liposomes (i.e., vesicles) (b, c) that are stacked inside
discrete ``lamellar bodies'' (b) before extrusion into the intercellular space
(ICS) at the border zone between the stratum granulosum (SG) and
stratum corneum (SC) (a). Note the liquid crystalline character of the
lamellar body-disk edges (i.e., highly curved regions) (b, c). ICS:
intercellular space; N: nucleus; SC 1: ®rst stacked stratum corneum cell;
SC 2: second stacked stratum corneum cell; SG: uppermost stratum
granulosum cell.
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Figure 2. Intersection-free membrane folding/unfolding. Schematic illustration (right) and transmission electron microscopic ``time sequence''
(left) of the formation of a three-dimensional cubic morphology as invaginations of a ¯at two-dimensional membrane, through intersection-free folding
(a±d). Electron micrograph from skeletal muscle cell. After Ishikawa (1968), Landh (1996), pp167±169, with permission.
Figure 3. The membrane folding model. Skin barrier formation taking place via a continuous, highly dynamic process of ``intersection-free
unfolding'' of a single and coherent three-dimensional lipid structure with symmetry. Note that the trans-Golgi network and lamellar bodies of the
uppermost stratum granulosum cells as well as the multilamellar lipid matrix of the intercellular space at the border zone between the stratum
granulosum and stratum corneum are visualized (light gray) as being parts of one and the same continuous membrane structure (a). Tentatively, the
proposed single and coherent three-dimensional lipid structure with symmetry may consist of an outer folded membrane (e.g., cubic-like) with a large
lattice parameter (> 500 nm) (b), and an inner more highly curved membrane with symmetry (c) expressing continuous foldings/unfoldings between
cubic-like and lamellar morphologies (cf. Figs 4b±c, 5, and 6). Note that this detailed description of the proposed barrier forming lipid structure is but
one of many possible, all of which share the basic idea of three-dimensional symmetry, continuity, and dynamics. (d) Unit cell (schematic) of the
proposed three-dimensional lipid structure (note the curved membrane) expressing intersection-free folding/unfolding. ICS: intercellular space;
N: nucleus; SC 1: ®rst stacked stratum corneum cell; SC 2: second stacked stratum corneum cell; SG: uppermost stratum granulosum cell.
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Further, it may be multilayered, i.e., express parallel multi-
membranous foldings with cubic-like symmetry, have a large lattice
parameter (50±500 nm; Landh, 1995; Hyde et al, 1997, pp317±
323), and develop from the trans-Golgi network of the epidermal
cells through intersection-free folding (Figs 2±4).
The formed multilamellar lipid structure may be stabilized by
steady-state conditions (i.e., gradients) rather than by a thermo-
dynamic equilibrium. Further, the absence of geometric constraints
would allow the unfolding process to be extremely fast, i.e.,
momentary, as it basically represents a phase transformation from
cubic-like to lamellar morphology (cf. Figs 4±6). [Note that the
current use of the word ``phase'' in a biologic context is not
necessarily re¯ecting thermodynamically stable phase states as the
composition of biologic systems cannot be regarded as constant.] As
the thermodynamics of this unfolding procedure is related to
curvature energy (Hyde et al, 1997, pp157±159) asymmetrical
objects (e.g., proteins) that bind to both sides of the lipid bilayer
could play a regulatory role (Fournier, 1996). It may thus be ®nely
tuned by subtle stimuli. Skin barrier formation taking place via an
unfolding process may consequently be highly controlled and very
fast (as compared with diffusion-dependent processes, cf.
Landmann, 1986).
Visualization of the membrane folding process There are
dif®culties involved in visualization of the proposed barrier forming
process in this study. Partly because of (i) the sensitivity to sample
preparation (e.g., dehydration, organic solvent exposure, ®xation)
of the proposed three-dimensional lipid structure with symmetry,
and partly because (ii) micrographs obtained are likely to become
blurred if the lattice parameter of the unit cell of this three-
dimensional lipid structure is smaller than the section thickness.
Therefore, the seemingly discrete ``lamellar bodies'' observed in
electron micrographs may represent local lamellar crystallizations of
a single continuous three-dimensional lipid structure, where the
three-dimensional parts (i.e., cubic-like) are largely blurred (cf.
Fig 5). [The lamellar parts of the three-dimensional structure
should be (i) less sensitive to sample preparation, and (ii) more easily
visualized in electron micrographs, due to their lamellar two-
dimensional symmetry and probably more crystalline morphology.
In fact, the repeat distance of the lamellae of the lamellar bodies
Figure 5. Continuous foldings/unfoldings
between cubic and lamellar membrane
structures in plant chloroplasts. Note the
similarity of the rounded crystalline lamellar parts
with ``lamellar bodies'' of the stratum granulosum
of mammalian skin. Transmission electron
micrograph of the chloroplast cubic membrane
morphology. White square inserted to enhance
visualization of the cubic membrane pattern. After
Landh (1996, pp140±141), with permission.
Figure 4. Standing wave oscillations. Con-
tinuous deformation/unfolding (b±d) of the
proposed single and coherent three-dimensional
lipid structure with symmetry (cf. Fig 3b±c) into
the ¯at two-dimensional lipid structure
representing the skin barrier (d).The continuous
change from cubic-like to lamellar morphology
could have components of standing wave
oscillations (cf. Larsson, 1997) (b, c). The proposed
single and coherent three-dimensional lipid
structure with symmetry developing in the
stratum granulosum cells (light gray) (a) (cf.
Fig 3a±b). Section through the outer border of
the proposed single and coherent three-
dimensional lipid structure (b) (cf. Figs 3b and 6);
ICS: intercellular space; N: nucleus; SC 1: ®rst
stacked stratum corneum cell; SC 2: second
stacked stratum corneum cell; SG: uppermost
stratum granulosum cell.
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(64±70 AÊ ; Lavker, 1976; Odland and Holbrook, 1981) corresponds
closely to the repeat distance of the crystalline intercellular lamellar
lipid matrix of the stratum corneum (64 AÊ ; Bouwstra et al, 1991).]
This could also explain the reported plethora of forms, numbers,
sizes, and appearances of ``lamellar bodies'' (all are not lamellar, but
many appear empty or partly lamellar, or contain ``onion-like''
structures, or have a granular appearance, or exhibit ``abnormal
internal contents'', etc.) (Brody, 1989; Madison et al, 1998).
Crystallization The proposed crystallization of the emerging
lamellar lipid structure, taking place at the border between the
stratum granulosum and stratum corneum, represents a change
from a less ordered (i.e., liquid crystalline) into a more ordered (i.e.,
gel) state. The driving force for this crystallization, i.e., phase
change from liquid crystal to gel, could be the drastically lowered
water content (Guldbrand et al, 1982; Evans and WennerstroÈm,
1994; pp440±443) and/or the dramatic change in lipid composition
(Siegel et al, 1989; Hazel and Williams, 1990; Hyde et al, 1997;
pp215±218) known to occur at this border zone. In fact, at the
border between the stratum granulosum and stratum corneum the
total tissue water content decreases momentarily from about 70 to
40% (w/w) (Warner et al, 1988; von Zglinicki et al, 1993). At the
same site the lipid composition changes from being dominated by
medium chain mono- and di-unsaturated phospholipids (mainly
C16:0, C18:1, and C18:2) and glycosylceramides (mainly C16:0,
C18:1, C18:2, and C24:0±C28:0) (Gray and Yardley, 1975a; Gray
and White, 1978) in the stratum granulosum to the virtual absence
of these lipid species in the stratum corneum (Gray and Yardley,
1975b; Wertz et al, 1984; Cox and Squire, 1986). In addition, the
cells of upper stratum granulosum are enriched in certain acid
hydrolases, including phospholipase A and glycosidase (Freinkel
and Traczyk, 1985). [As no endogenous lipids with medium chain
(C12±C18) or unsaturated alkyl-chains have been detected in the
inner/lower stratum corneum (cf. Wertz et al, 1987; NorleÂn et al,
1998), it has been proposed that the keratinocytes of the living
epidermis recycle unsaturated fatty acids that have been released
upon lipid hydrolysis in the topmost stratum granulosum (Schaefer
and Redelmeier, 1996, p34).] One might speculate that the
decreased head group polarity rendered the ceramides by cleavage
of the sugar moieties of their precursors the glycosyl ceramides,
taking place at the stratum granulosum/stratum corneum interface,
may initialize and provide the driving force for the crystallization
process (i.e., phase change between liquid crystal and gel). Further,
if only limited lateral diffusion of lipids takes place during this
crystallization the transition from liquid crystal to gel may be
momentary (i.e., milliseconds).
Experimental evidence In fact, support for that skin barrier
formation may take place via a continuous process of intersection-
free membrane unfolding (Figs 3 and 4), is the recent ®nding of an
``extensive intracellular tubulo-reticular cisternal membrane system
within the apical cytosol of the outermost stratum granulosum''
(Fig 7a) (Elias et al, 1998). This membrane system is reported to be
composed of a widely disbursed trans-Golgi-like network associated
with arrays of contiguous lamellar bodies and deep invaginations,
or honeycomb extensions, of the stratum granulosum/stratum
corneum interface (Elias et al, 1998). Direct membrane connections
between (i) ``lamellar bodies'' themselves, between (ii) the trans-
Golgi network and lamellar bodies, and between (iii) ``deep
invaginations'' in the stratum granulosum cells and the ``envelope''
of adjacent ``lamellar bodies'', was identi®ed (Elias et al, 1998). Elias
et al (1998) suggest that ``lamellar bodies'' are formed by budding
(i.e., membrane ®ssion) from the cisternae of the trans-Golgi-like
network and that the ``deep invaginations'' of the stratum
granulosum/stratum corneum interface are formed as a result of
lamellar body fusion. An alternative interpretation, however, is that
neither membrane ®ssion nor membrane fusion takes place during
skin barrier formation, but that intersection-free membrane folding/
unfolding is responsible for skin barrier morphogenesis (cf. above).
This implies that the trans-Golgi network and lamellar bodies of the
uppermost stratum granulosum cells as well as the multilamellar lipid
matrix of the intercellular space at the border zone between stratum
granulosum and stratum corneum could be representations of one
and the same continuous membrane structure (Figs 3 and 4).
Tentatively proposed detailed description of the barrier
forming process (Note that the following detailed description
of the proposed barrier forming lipid structure is but one of many
possible, all of which share the basic idea of three-dimensional
symmetry, continuity, and dynamics.) Tentatively, the proposed
single and coherent three-dimensional lipid structure with
symmetry may consist of: (i) an outer folded membrane (e.g.,
cubic-like) with a large lattice parameter (> 500 nm)
corresponding both to the trans-Golgi-like network and the
honeycomb extensions (i.e., the extensive intracellular tubulo-
reticular cisternal membrane system (Elias et al, 1998) as well as to
the outer ``limiting membrane'' of the lamellar bodies of the
outermost stratum granulosum cells (Figs 3b and 4b), and (ii) an
inner more highly curved membrane with symmetry expressing
continuous foldings/unfoldings between cubic-like and lamellar
structures (Figs 3c, 4b±d, and 6). This inner more highly folded
membrane should correspond to the lamellar, or nonlamellar,
interior (i.e., the lipid content) of lamellar bodies and deep
invaginations, as well as to the intercellular stacked lamellar, or
nonlamellar, lipid matrix at the intercellular space between stratum
granulosum and stratum corneum. The outer folded membrane (or
parallel multimembranous foldings) of this single, continuous lipid
structure may thus function as a space-divider, to separate the
intercellular space from the interior of the stratum granulosum cell,
whereas the inner folded membrane (or parallel multimembranous
foldings) of the same lipid structure may more directly, through
lamellar unfolding (cf. Fig 6), be responsible for the formation of
the multilamellar lipid matrix of the stratum corneum intercellular
space. [The continuous change from inner periodicity to outer
shape of the proposed single and coherent three-dimensional
Figure 6. Continuous foldings/unfoldings between cubic
(``SER'') and lamellar (``CER'') membrane structures in
endoplasmatic reticulum of compactin resistant UT-1 cells
derived from Chinese hamster ovary cells. The ``sinusoidal ER''
(SER) is in fact a cubic membrane of the constant nonzero mean
curvature surface type. It is suggested in the membrane folding model
that skin barrier formation takes place via a similar continuous
``unfolding'' of a coherent three-dimensional membrane structure with
symmetry into a crystallized multilamellar membrane structure in the
intercellular space at the border zone between the stratum granulosum
and stratum corneum. Scale bar: 0.2 mm. After Pathak et al (1986), with
permission from the Rockefeller Press.
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membrane structure with symmetry could have components of
standing wave oscillations (cf. Fig 4b, c) (cf. Larsson, 1997;
Andersson et al, 1999, pp177±190). This implies that the newly
formed unfolded stacked lamellar lipid structure of the intercellular
space may, at least locally and transiently, express a ``two-periodic''
hyperbolic curvature (i.e., periodic ``bumps'' occurring in the
lamellar membrane) (cf. Larsson, 1997).]
Comparison with earlier models The profound difference
between the Landmann model and the membrane folding model
lies in that the Landmann model includes changes in membrane
topology, whereas topology is kept constant during barrier
formation according to the membrane folding model.
The main advantages of the membrane folding model with
respect to the Landmann model are: (i) smaller energy cost
(involves no budding or fusion); (ii) conserves membrane con-
tinuity (preserves water compartmentalization and allows control
hereof; membrane continuity essential for barrier function); (iii)
allows meticulous control (the thermodynamics of the unfolding
procedure are related to curvature energy); (iv) faster (milliseconds,
as membrane unfolding basically represents a phase transition from
cubic-like to lamellar morphology; involves no budding or fusion);
(v) membrane folding between lamellar and cubic-like mor-
phologies is present in numerous biologic systems (Hyde et al, 1997;
pp257±338); (vi) there is experimental evidence for an ``extensive
intracellular tubulo-reticular cisternal membrane system within the
apical cytosol of the outermost stratum granulosum'' (Elias et al,
1998); and (vii) it may explain the reported plethora of forms,
numbers, sizes, and general appearances of ``lamellar bodies'' in
transmission electron microscopy micrographs (Brody, 1989;
Madison et al, 1998).
Future experiments Finally, it is stressed that the alternative
barrier forming process outlined above relies on the assumption that
the true morphology of the lamellar bodies is different from the
conventional notion of discrete bodies; however, preparations of
lamellar bodies isolated by cell fractionation techniques are claimed
to comprise discrete organelles (Freinkel and Traczyk, 1981;
Grayson et al, 1985; Madison et al, 1998). Nevertheless, the concept
of barrier formation taking place via folding/unfolding of a single,
continuous three-dimensional structure with symmetry is
intriguing and merits further experimental examination. One
possible way to test the hypothesized continuity of the here
proposed barrier forming three-dimensional structure with
symmetry, as well as the claimed ``discreteness'' of the lamellar
bodies of the Landmann-model (cf. above), could be by thick-
section high-voltage transmission electron microscopy.
It should be noted that, as cubic membranes commonly appear as
multimembranous foldings with cubic-like symmetry, it is not
certain that the proposed continuity of the trans-Golgi network and
``lamellar bodies'' of the uppermost stratum granulosum cells as well
as the multilamellar lipid matrix of the intercellular space at the
border zone between the stratum granulosum and stratum
corneum, could be established straightforwardly by, for example,
a molecular tracer study; however, the possibility remains.
CONCLUSIONS
It is proposed that skin barrier formation may take place via a
continuous process of intersection-free membrane unfolding (i.e., a
continuous and highly dynamic deformation of a single and
coherent three-dimensional lipid structure with symmetry into a
¯at two-dimensional lipid structure) with a concomitant crystal-
lization of the emerging multilamellar lipid structure representing
the developing skin barrier. Recent experimental evidence speaks
in favor of this theory.
The profound difference between the earlier Landmann model
and membrane folding model presented here lies in the fact that the
Landmann model includes changes in membrane topology,
whereas topology is kept constant during barrier formation
according to the membrane folding model.
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